Nonthermal Plasma Synthesis and Plasmonic Properties of Doped Silicon and Titanium Nitride Nanocrystals by Schramke, Katelyn
  
 
 
 
 
Nonthermal Plasma Synthesis and Plasmonic Properties of Doped Silicon and 
Titanium Nitride Nanocrystals 
 
 
 
 
A Thesis 
SUBMITTED TO THE FACULTY OF THE  
UNIVERSITY OF MINNESOTA 
BY 
 
 
 
 
Katelyn S. Schramke 
 
 
 
 
 
 
IN PARTIAL FULFILLMENT OF THE REQUIREMENTS 
FOR THE DEGREE OF  
DOCTOR OF PHILOSOPHY 
 
 
Prof. Uwe R. Kortshagen, Adviser 
 
 
 
 
August 2017 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
© Katelyn S. Schramke 2017 
 
  i 
Acknowledgements 
 
The list of people I have to thank and acknowledge for their support and guidance 
throughout my graduate school career is long but I will try not to miss anyone.  Thank 
you to my adviser, Uwe Kortshagen, for hiring me in the first place, keeping me around, 
and always pushing me forward.  Thank you for always being supportive and offering 
your perspective when I needed it.  I would like to acknowledge the other professors that 
helped me on my way through graduate school as well, especially Chris Hogan who was 
always willing to talk about research or football (Go Pack Go!), Eray Aydil who worked 
by my side to clean up pyrophoric liquid in the lab one day, Peter Bruggeman and 
Douglas Ernie for providing me with my formal plasma science education, and Sue 
Mantel for being someone I could go to for guidance from the very beginning (and giving 
me a bandage when I stubbed my toe on my way to our first meeting before I even started 
graduate school).  I also want to give endless thanks the ME staff, many of which became 
friends over the years including, John Gardner (and of course our fellow Honey Badgers) 
who introduced me to curling and shared his wisdom, Karon Mooney for answering all of 
the questions all of the time, Jennifer Dahal, Jeanne, Julie, Gail, Richard, and of course 
Mike Leveille for all of his shop consultations and getting me to take the occasional 
lunch break.  Thank you to Gary, Glen, Bob, Matt, and everyone else from the MNC for 
working with me on everything related to our nanocrystal system and the pleasant 
conversations when our workspaces overlapped.  At this point, I should say that my 
friends, family, and research group members through the years have been so very 
important to me on this journey.  It is hard to say if would have gotten this far without 
them but I know it was a much better path with them to help me carry the load along the 
way.  Thank you to my fellow research group members for endless hours in the lab, 
conversations about ideas, and general support and motivation, it would be difficult to 
imagine a better group of people to work with: from the originals, Ben Greenberg – you 
and I started this journey at the same time and I couldn’t have asked for a better lab mate 
and friend to go through this with, Jeslin Wu, Rebecca Anthony – you are my science 
role model, Nic Kramer, Dave Rowe, Ting Chen, Jason Trask, Andrew Wagner, and 
Jihua Yang – our long discussions about science and the English language were some of 
my favorites, to those that came and left during my time, Daryl Lee, Ranee Skinner – you 
can do anything you set your mind to and that is an inspiration, and Ben Pearce, to the 
ones stuck dealing with me while I finished up, Samantha Hill, Katharine Hunter, Kelsey 
Mork, Yunxiang Qin, Toshi Ono, Ali Eslamisaray, Zack Robinson, Jasmine Johnson, 
Chad Beaudette, and Sadhana Mishra.  Extra thanks to Sam – my hunting buddy and 
seemingly the only person willing to give endless high/low fives, Katharine – my support 
and such a hardcore scientist, and Kelsey – my perspective, thank you for reminding me 
how important friendship is and how much better things can be when you have a great 
crew of women to tackle life’s ups and downs with.  Daryl and Jeslin, thank you for 
being the best office mates I could have asked for, the valuable insights, and the 
  ii 
adventures.  Thank you to the other graduate students that I crossed paths with in classes 
or in the lab: Hallie Boyer – you stood by my side through the years, including the times 
we took quals, Srinidhi Murali, Grant Backes, Garrett Nelson, Zvie Razieli, Ivan Spector, 
Ben Adams – thanks for showing me that a small-town Wisconsin kid can make it, and 
Eric Victorson.  I need to acknowledge Jes just a bit more.  She has been by my side, my 
partner in crime in lab, the office, outside of work, and now on my google hangouts as a 
life adviser, she has been there every time I have needed it.  Contrary to the long 
paragraph leading to this point, I have friends outside of the UMN as well who have 
encouraged and supported me for the last five years, admiring the science from a safe 
distance (some of you rooting for a lab accident that would lead to super powers) but 
always around to keep me heading in the right direction.  Taylor “Spiffy” Murphy, John 
Riemer, and Tori Schoeneck have been lifelong friends, always there to motivate me and 
remind me of who I am, I love you guys.  Paula, Chris, Tina and Patrick Geschwindner, 
Kelly and Kevin Lynch, Tom Bivens, thank you.  Nick and Hitomi Iverson (along with 
Anna and Luka) for providing their home as a place to escape on weekends and letting 
me play with their kids and dogs and observe the American dream in real life.  Joe 
Larson (and crew) for always being around to enjoy a beer, keeping me grounded, 
hosting the very best MNF venue there is, and being one of the truest friends.  From my 
past life as a physicist, I need to thank Dr. B, Dr. McCann, and Dr. Madsen for pushing 
me as an undergraduate and helping to guide me along this path.  Thank you to Michael 
Determan for introducing me to the world of industry research.  Thank you all for coming 
along with me on the journey.  Finally, I need to thank my family who have been there 
since the very beginning.  Dana and Mary Beth Dawson, thank you for opening your 
home and doing what you could to make the last five years a little bit easier, for so many 
conversations, and for always being supportive.  Dana, it was nowhere near the least you 
could have done.  Thank you to the rest of the Dawson squad, Jef, Jan, John, and Debra 
(and cousins!) for being my home away from home and letting me know you’re always 
there if I need you.  Thank you to my brother and sister-in-law, Alex and Emily 
Schramke.  Thank you to my wonderful grandma, Rachel Schramke, for believing in me, 
loving me no matter what, and for all the times you asked me how “that paper” is going.  
Kevin and Charlotte Schramke, my mom and dad.  Thank you for your never-ending 
support, encouragement, and love.  I could not have done it without you.  Thank you all, 
for everything. 
  iii 
Dedication 
 
 
 
 
 
 
 
This thesis is dedicated to Jihua Yang whose enthusiasm and presence are dearly missed. 
  iv 
  
Table of Contents 
Acknowledgements ........................................................................................................................... i 
Dedication ....................................................................................................................................... iii 
List of Tables ................................................................................................................................. vii 
List of Figures ............................................................................................................................... viii 
1. Introduction .............................................................................................................................. 1 
1.1. Nonthermal Plasma Synthesis of Nanocrystals ......................................................................... 1 
1.2. Localized Surface Plasmon Resonance ..................................................................................... 2 
1.3. Thesis Overview ........................................................................................................................ 3 
2. Plasmonic Properties of Silicon Nanocrystals Doped with Boron and Phosphorus ................ 5 
2.1. Abstract ..................................................................................................................................... 5 
2.2. Introduction ............................................................................................................................. 6 
2.3. Results and discussion ............................................................................................................. 8 
2.3.1.  Plasmonic behavior of as-produced and oxidized NCs......................................................... 8 
2.3.2.  Surface defects and composition......................................................................................... 13 
2.3.3.  Plasmonic behavior of annealed NCs ......................................................................................... 18 
2.3.4.  Modeling plasmonic behavior ............................................................................................. 20 
2.3.5.  HE-XRD and RMC Modeling ............................................................................................ 24 
  v 
2.4. Conclusion .............................................................................................................................. 27 
2.5. Experimental Methods ......................................................................................................... 30 
2.6. Acknowledgement ................................................................................................................. 33 
3. Synthesis of Faceted, Large Phosphorus Doped Silicon Nanocrystals .................................. 35 
3.1. Introduction ............................................................................................................................. 35 
3.2. Results and Discussion ............................................................................................................ 36 
3.2.1. Input Power .................................................................................................................... 46 
3.2.2.       Electrode Spacing .......................................................................................................... 46 
3.2.3.       Phosphine Flow .............................................................................................................. 47 
3.2.4. Argon Flow .................................................................................................................... 48 
3.3. Conclusion ............................................................................................................................... 48 
3.4. Experimental Methods ............................................................................................................ 49 
4. Nonthermal Plasma Synthesized Titanium Nitride with Gold-like Plasmonic Behavior ...... 50 
4.1. Introduction ............................................................................................................................. 50 
4.2. Results and Discussion ............................................................................................................ 51 
4.2.1. Size and Crystallinity ................................................................................................. 51 
4.2.2. Elemental Composition and Morphology .................................................................. 54 
4.2.3. Absorption .................................................................................................................. 57 
4.2.4. Solution dispersion ..................................................................................................... 58 
  vi 
4.3. Conclusion ............................................................................................................................... 59 
4.4. Experimental Methods ............................................................................................................ 59 
5. Summary and Proposed Work ............................................................................................... 63 
6. Bibliography .......................................................................................................................... 66 
7. Appendices ............................................................................................................................. 78 
7.1. Supporting Information from Chapter 2 .................................................................................. 78 
7.2. Supporting Information from Chapter 4 .................................................................................. 86 
  vii 
List of Tables 
 
TABLE 1 SYNTHESIS CONDITIONS FOR FACETED NC EXPERIMENT ............................................... 37 
 
 
  viii 
List of Figures 
 
FIGURE 2.3.1 FTIR SPECTRA OF AS-PRODUCED (A) P-DOPED AND (B) B-DOPED SILICON NANOCRYSTALS 
WITH INCREASING FRACTIONAL DOPING FLOW RATES. FOR P-DOPED SI NCS A LSPR EMERGES FOR 
SUFFICIENTLY HIGH DOPING CONCENTRATIONS. A LSPR IS NOT VISIBLE FOR B-DOPED SI NCS, 
EVEN AT HIGH DOPING LEVELS. ABSORPTION MODES DUE TO SILICON-HYDRIDE, BORON-HYDRIDE, 
AND PHOSPHORUS-HYDRIDE RELATED VIBRATIONS ARE OBSERVED, AS INDICATED BY THE BLUE AND 
ORANGE REGIONS. SPECTRA ARE OFFSET FOR CLARITY. (C) OXIDATION OF P-DOPED (30%) AND B-
DOPED (2.5%) SI NCS IN AIR AS A FUNCTION OF TIME. OPPOSITE BEHAVIOR IS OBSERVED, WITH 
THE LSPR DISAPPEARING FOR P-DOPED SI NCS, WHILE A LSPR DEVELOPS AND BLUE-SHIFTS 
DURING OXIDATION FOR B-DOPED SI NCS. (D) DEVELOPMENT OF THE LSPR FOR AS-PRODUCED 
AND SUBSEQUENTLY OXIDIZED AND ETCHED P-DOPED (30%) AND B-DOPED (2.5%) SI NCS. .......... 9 
 
FIGURE 2.3.2 ELECTRON PARAMAGNETIC RESONANCE SPECTRA FOR P-DOPED (10%), B-DOPED (10%), 
AND INTRINSIC SI NCS. SPECTRA ARE SHOWN FOR AS-DEPOSITED (RED) AND OXIDIZED (BLUE) 
NCS. THE SPECTRA FOR B-DOPED NCS HAVE BEEN MAGNIFIED BY A FACTOR OF 5 FOR CLARITY. . 14 
 
FIGURE 2.3.3 X-RAY PHOTOELECTRON SPECTROSCOPY (XPS) SPECTRA FOR AS-PRODUCED AND 
OXIDIZED P-DOPED (10%) AND B-DOPED (10%) SILICON NCS. THE PHOSPHORUS SPECTRUM CAN 
BE DECONVOLVED INTO TWO PEAKS. THE PEAK AT 130 EV CORRESPONDS TO PHOSPHORUS 
BONDED TO PHOSPHORUS OR SILICON (RED), WHILE THE BROAD PEAK AT 135 EV IS A RESULT OF 
OXIDIZED PHOSPHORUS (BLUE). FOR BORON, A BROAD PEAK AT 185 EV ORIGINATES FROM 
TRIVALENT BORON (BLUE) WHILE THE HIGHER ENERGY PEAK AT 188 EV CORRESPONDS TO 
TETRAVALENT BORON (RED). THE TWO PEAKS AT 191 EV (RED) AND 193 EV (ORANGE) ARE A 
RESULT OF OXYGEN BONDING TO BORON. .......................................................................................... 18 
 
FIGURE 2.3.4 (A) DEVELOPMENT OF THE LSPR DURING LOW-TEMPERATURE AIR-FREE ANNEALING OF 
PHOSPHORUS (30%) AND B-DOPED (2.5%) SI NCS. AS A RESULT OF THE ANNEALING STEP THE 
LSPR SIGNIFICANTLY BLUE-SHIFTS FOR P-DOPED SI NCS. FOR B-DOPED SI NCS, THE ANNEALING 
TREATMENT IS ABLE TO GENERATE ADDITIONAL FREE CARRIERS, LEADING TO A PLASMON 
RESONANCE TO DEVELOP. (B) FTIR SPECTRA OF AS-PRODUCED, OXIDIZED AND SUBSEQUENT 
ANNEALED AT 200 °C P-DOPED AND B-DOPED SILICON NCS. WHILE THE LSPR IS REMOVED AFTER 
OXIDATION, AN ANNEALING TREATMENT IS ABLE TO BRING THE LSPR RESONANCE BACK FOR P-
DOPED NCS. ........................................................................................................................................ 19 
 
FIGURE 2.4.1 SUMMARY OF THE PLASMONIC BEHAVIOR OF PHOSPHORUS DOPED SILICON.  THE BLUE 
CLOUDS AROUND THE PARTICLES REPRESENT PLASMONIC ACTIVITY.  AS-PRODUCED PHOSPHORUS 
DOPED SI NCS, AS SHOWN ON THE FAR LEFT, ARE PLASMONIC AND REMAIN PLASMONIC, WITH AN 
INCREASE IN ACTIVE CARRIERS, WHEN ANNEALED AT LOW TEMPERATURES.  THE LSPR DIMINISHES 
AND DISAPPEARS WITH OXIDATION BUT APPEARS AGAIN WITH REMOVAL OF THE OXIDE LAYER OR 
LOW TEMPERATURE ANNEALING.  THE PRESENCE OF AN LSPR BEGINS FOR PHOSPHORUS DOPED 
SILICON AFTER ~10% NOMINAL DOPING AND BLUE-SHIFTS WITH INCREASED NOMINAL DOPING UP TO 
50%. .................................................................................................................................................... 28 
 
 
 
FIGURE 2.4.2 PLASMONIC BEHAVIOR OF B-DOPED SILICON NANOCRYSTALS.  THE BLUE CLOUDS AROUND 
THE PARTICLES REPRESENT PLASMONIC ACTIVITY. AS-PRODUCED BORON DOPED SI NCS ARE NOT 
  ix 
PLASMONICALLY ACTIVE. POST-SYNTHESIS TREATMENTS OF BOTH OXIDATION AND ANNEALING 
ACTIVATE THE LSPR.  OXIDE REMOVAL RETURNS THE NCS TO THEIR AS-PRODUCED STATE. ......... 29 
 
FIGURE 3.2.1 TEM IMAGES OF SAMPLE 1 WITH SCALE BARS OF (A) 20 NM AND (B) 5 NM SYNTHESIZED AT 
110 W, 15% P-DOPING, ARGON FLOW OF 9.6 SCCM, AND ELECTRODE SPACING OF 6.5 CM. .......... 38 
 
FIGURE 3.2.2: TEM IMAGES OF SAMPLE 2 WITH SCALE BARS OF 5 NM SYNTHESIZED AT 130 W, 15% P-
DOPING, ARGON FLOW OF 9.6 SCCM, AND ELECTRODE SPACING OF 6.5 CM. .................................... 39 
 
FIGURE 3.2.3: TEM IMAGES OF SAMPLE 3 WITH SCALE BARS OF (A) 20 NM, (B) 10 NM, (C) 5 NM, AND (D) 5 
NM SYNTHESIZED AT 130 W WITH NO P-DOPING, ARGON FLOW OF 9.0 SCCM, AND ELECTRODE 
SPACING OF 5.0 CM. ............................................................................................................................ 40 
 
FIGURE 3.2.4 TEM IMAGES OF SAMPLE 4 WITH SCALE BARS OF (A) 20 NM, (B) 5 NM, (C) 5 NM, AND (D) 5 
NM SYNTHESIZED AT 130 W WITH NO P-DOPING, ARGON FLOW OF 9.0 SCCM, AND ELECTRODE 
SPACING OF 5.8 CM. ............................................................................................................................ 41 
 
FIGURE 3.2.5: TEM IMAGES OF SAMPLE 5 WITH SCALE BARS OF (A) 20 NM, (B) 5 NM, (C) 5 NM, AND (D) 5 
NM SYNTHESIZED AT 130 W WITH 10% P-DOPING, ARGON FLOW OF 9.0 SCCM, AND ELECTRODE 
SPACING OF 5.0 CM. ............................................................................................................................ 42 
 
FIGURE 3.2.6: TEM IMAGES OF SAMPLE 6 WITH SCALE BARS OF (A) 5 NM AND (B) 10 NM SYNTHESIZED AT 
130 W WITH 10% P-DOPING, ARGON FLOW OF 9.0 SCCM, AND ELECTRODE SPACING OF 5.8 CM. .. 43 
 
FIGURE 3.2.7: TEM IMAGES OF SAMPLE 7 WITH SCALE BARS OF (A) 5 NM, (B) 5 NM, (C) 10 NM, AND (D) 5 
NM SYNTHESIZED AT 130 W WITH 10% P-DOPING, ARGON FLOW OF 10.0 SCCM, AND ELECTRODE 
SPACING OF 5.8 CM. ............................................................................................................................ 44 
 
FIGURE 3.2.8: TEM IMAGES OF SAMPLE 8 WITH SCALE BARS OF 5 NM SYNTHESIZED AT 130 W WITH 10% 
P-DOPING, ARGON FLOW OF 11.0 SCCM, AND ELECTRODE SPACING OF 5.8 CM. .............................. 45 
 
FIGURE 3.2.9: TEM IMAGES OF SAMPLE 9 WITH SCALE BARS OF 5 NM SYNTHESIZED AT 130 W WITH 10% 
P-DOPING, ARGON FLOW OF 9.6 SCCM, AND ELECTRODE SPACING OF 6.5 CM. ................................ 45 
 
FIGURE 4.2.1: (LEFT) TEM IMAGE (TAKEN BY YUNXIANG QIN) SHOWS THE UNIFORM DISTRIBUTION OF ~5 
NM TIN NANOPARTICLES.  (RIGHT) TITAN TEM IMAGE (TAKEN BY JACOB HELD) SHOWING WELL 
DEFINED LATTICE FRINGES INDICATING THE POLYCRYSTALLINITY OF THE TIN PARTICLES. ............... 52 
 
FIGURE 4.2.2: HIGH RESOLUTION XPS SCANS OF THE TI 2P PEAK OF TIN SAMPLES MADE AT NOMINAL 
POWERS OF 70W – 63% OF BONDS ARE FROM TIN AND 37% ARE FROM TIO2, 75W – 60%/40% 
TIN/TIO2, AND 85W – 62%/38% TIN/TIO2.  THE BLUE PEAKS AT 464 EV AND 458 EV ARE FROM 
TITANIUM BONDED TO OXYGEN AND THE RED PEAKS AT 463 EV, 461.5 EV, 456.3 EV, AND 455.3 EV 
ARE FROM TITANIUM BONDED TO NITROGEN. ...................................................................................... 53 
 
FIGURE 4.2.3: FTIR OF TIN NCS WITH PEAKS FROM N-H126,127, C-H128, C=C127,129, C=O130, C-N128, AND 
TI-N129 BONDS AT THE SURFACE OF THE NCS. ................................................................................... 55 
 
FIGURE 4.2.4: TEM IMAGES (TAKEN BY YUNXIANG QIN) OF TIN NCS WITH THE AMMONIA FLOW RATE FOR 
SYNTHESIS OF THESE SAMPLES INCREASE, LEFT TO RIGHT, FROM 0.3 SCCM TO 1.2 SCCM. ............. 55 
FIGURE 4.4.1: THE EXPERIMENTAL SETUP FOR TIN NC SYNTHESIS.  ARGON, AMMONIA, AND TDMAT 
CARRIED BY ARGON ARE THE PRECURSORS USED FOR THE SYNTHESIS OF TIN NCS.  THE 
  x 
DIMENSIONS OF THE DOWNSTREAM NOZZLE USED IN ALL EXPERIMENTS ARE 10 MM X 0.610 MM.  
SYNTHESIS PRESSURE WAS ~1.6 TORR. ............................................................................................ 60 
 
FIGURE 7.1.1: TRANSMISSION ELECTRON MICROSCOPE IMAGE OF THE 8 NM SILICON NANOCRYSTALS 
THAT WERE USED IN THIS STUDY. ........................................................................................................ 78 
 
FIGURE 7.1.2: X-RAY DIFFRACTION SPECTRUM OF SILICON NANOCRYSTALS. THE SCHERRER EQUATION 
GIVES AN AVERAGE SIZE OF 8.3 NM, WHICH AGREES WELL WITH THE TEM RESULTS. ...................... 79 
 
FIGURE 7.1.3: SIZE DISTRIBUTION OF NANOCRYSTALS AND ONE OF THE TEM IMAGES USED TO ANALYZE 
THE SIZE DISTRIBUTION. ...................................................................................................................... 80 
 
FIGURE 7.1.4: X-RAY PHOTOELECTRON SPECTROSCOPY RESULTS FOR INTRINSIC (BLACK) AND B-DOPED 
(RED, GREEN AND BLUE) SILICON NANOCRYSTALS. THE SPECTRA SHOW THE DIFFERENCE IN THE 
TRIVALENT AND TETRAVALENT STATES OF BORON FOR AS-PRODUCED AND POST-SYNTHESIS 
TREATED NANOCRYSTALS. .................................................................................................................. 81 
 
FIGURE 7.1.5: ATOMIC PHOSPHORUS CONCENTRATION FOR AS-PRODUCED AND HF ETCHED P-DOPED 
SILICON NANOCRYSTALS OBTAINED VIA ENERGY-DISPERSIVE X-RAY SPECTROSCOPY. .................. 82 
 
FIGURE 7.1.6: ELECTRON PARAMAGNETIC RESONANCE (EPR) SPECTRA FOR AS-PRODUCED (GRAY) AND 
ANNEALED (RED) SI NCS. A REDUCTION IN SIGNAL IS OBSERVED FOR ANNEALED INTRINSIC NCS AS 
A RESULT OF SURFACE RESTRUCTURING AND DEFECT REDUCTION. A FEATURE IS ALSO REMOVED 
FROM THE P-DOPED SPECTRUM, LIKELY CAUSED BY A SIMILAR REDUCTION IN DEFECTS. THE B-
DOPED SPECTRUM DOES NOT CHANGE SIGNIFICANTLY AFTER ANNEALING. ....................................... 83 
 
FIGURE 7.1.7: ELECTRON PARAMAGNETIC RESONANCE (EPR) SPECTRA FOR AS-PRODUCED AND POST-
SYNTHESIS TREATED P-DOPED SI NCS.  AS-PRODUCED (BLUE) NCS EXHIBIT A BROAD ABSORPTION 
AS A RESULT OF FREE CONDUCTION ELECTRONS. AFTER OXIDATION (GRAY) THE SPECTRUM 
CHANGES DUE TO THE FORMATION OF AN OXIDE SHELL, GIVING RISE TO PB DEFECTS. A 
SUBSEQUENT ANNEALING TREATMENT (RED) REDUCES THE NUMBER OF DEFECTS AND A BROAD 
ABSORPTION RETURNS WHICH RESEMBLES THE SPECTRUM OF AS-PRODUCED NCS. THIS CAN BE 
REVERSED AGAIN BY REOXIDATION (ORANGE) OF THE NCS. ............................................................. 84 
 
FIGURE 7.1.8: (A) THE FREE CARRIER DENSITIES OF DIFFERENT DOPING CASES. (B) CORRESPONDING 
ABSORPTION SPECTRA OF DIFFERENT DOPING CASES. ...................................................................... 85 
 
FIGURE 7.2.1: XPS SURVEY SCAN OF TIN NCS. ......................................................................................... 86 
 
FIGURE 7.2.2: XRD PATTERNS OF TIN FOR INCREASING NOMINAL POWER.  THE PEAKS ARE LABELED 
WITH CORRESPONDING TIN CRYSTAL PLANES. ................................................................................... 87 
 
FIGURE 7.2.3: PARTICLE SIZE DEPENDENCE ON AMMONIA FLOW AND NOMINAL SYNTHESIS POWER. ........ 88 
 
FIGURE 7.2.4: TITANIUM TO NITROGEN RATION AND CARBON CONTENT OF TIN NCS WITH RESPECT TO 
AMMONIA FLOW. ................................................................................................................................... 89 
 
FIGURE 7.2.5: OBSCURANT DATA OF TIN NCS PROVIDED BY NANOCOMPOSIX.  TIN PERFORMS SIMILARLY 
TO THE CURRENT INDUSTRY STANDARD FOR OBSCURANT MATERIALS, TIO2. ................................... 90 
  1 
1. Introduction 
 
1.1. Nonthermal Plasma Synthesis of Nanocrystals 
Nanotechnology is currently a trending way of improving technology which is why 
nanomaterial related research has been of immense interest for the last couple decades.  
Some of the most common nanomaterial production techniques consist of liquid phase 
synthesis1,2, thermal3 and laser pyrolysis4, and flame synthesis5.  These processes, though 
having advantages for some materials and industries, also have their drawbacks, 
including use of hazardous solvents, particle agglomeration, and temperature restrictions.  
The nonthermal plasma process eliminates these issues and is a gas-phase, continuous 
production process.  A nonthermal plasma has very energetic electrons that are at very 
high temperatures, around 50,000 K, and ions and neutrals that remain closer to room 
temperature.  These nonequilibrium plasmas are partially ionized with an ionization 
fraction of 10-8 to 10-3 and have a plasma density of the order of 5x1010 cm-3.  In the 
synthesis process, precursor gases or aerosolized/vaporized liquids are flowed into the 
plasma region, where precursor atoms nucleate and grow into particles.  The hot 
electrons interact energetically with the particles which heat them to temperatures 
significantly higher than the gas temperature which enables the process to successfully 
produce crystalline particles of materials with higher crystallization temperatures.6  The 
particles are uniformly negatively charged which leads to Coulombic repulsion that 
eliminates particle agglomeration within the plasma.7  The reactor walls are also 
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negatively charged which greatly reduces the amount of material lost during the process 
increasing the efficiency and extending equipment life.  This nonthermal plasma 
synthesis technique has been used to generate silicon7, doped silicon8, germanium9, 
gallium nitride10, and zinc oxide11 among other types of nanocrystals (NCs). 
 
1.2. Localized Surface Plasmon Resonance 
A localized surface plasmon resonance (LSPR) is the coupled oscillation of free 
carriers, electrons (n-type) or holes (p-type), that are dielectrically confined to a 
nanoparticle.  The frequency of this oscillation facilitates the tunable absorbance that can 
be utilized for a wide variety of applications and is described in Equation 1, where fLSPR is 
the plasmon frequency, Nfc the free carrier concentration, e is the electronic charge, ε0 the 
free space permittivity, me the effective mass of the free carrier, ε∞ the high frequency 
dielectric constant, and εm the dielectric constant of the surrounding medium.  
Equation 1 
 
The LSPR is dependent upon the free carrier concentration, nanoparticle size, 
shape, and dielectric surroundings.  Plasmons couple strongly with incident light and 
generate large field enhancements as well as a significant absorption, which has been 
exploited in various applications including photocatalysis,12,13 photodetection,14,15 and 
increased efficiency of light-to-fuel devices.16  Metal nanoparticles have a set number of 
free carriers that cannot be varied so LSPR can only be adjusted pre-synthesis by 
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modifying the size and shape of the nanoparticles and post-synthesis by changing the 
dielectric surroundings.17–20  Active tunability of LSPRs over a broad spectral region is of 
interest in many relevant plasmonic applications. In order to achieve such a goal, 
different approaches have been followed, such as mechanical stretching of nanoparticle 
arrays on elastomeric substrates21 or applied voltage controlled charge transfer 
plasmons.22  Semiconductors can be doped to different carrier concentrations which gives 
an additional, very desirable, option for tuneability.23–26  Plasmonically active metal 
nanoparticles tend to have resonances from the UV through the visible spectrum and are 
used for applications including spectroscopy enhancement27,28 and biosensing20,27,29.  
Gold30 and silver31 nanomaterials are two of the most common plasmonic metals but 
other metals exhibit plasmonic behavior as well.  Doped semiconductor nanoparticles 
with LSPRs have resonances from the near to mid infra-red and have potential 
applications in biosensing,32,33 IR absorption spectroscopy enhancement,34,35 and 
electrochromic light management36 among others.  Doped semiconductors that have been 
studied for their plasmon resonances include II-VI nanocrystals17,37–40 like copper (I) 
sulfide,40,41 phosphorus doped silicon,42 aluminum doped zinc oxide,43 transition-metal 
oxides,44 and indium tin oxide.45   
 
1.3. Thesis Overview 
My research focused on the synthesis of doped silicon and titanium nitride (TiN) 
nanoparticles and the plasmonic behavior of the produced nanomaterials.  I investigated 
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the effect of process controls on the properties of the resulting nanoparticles as well as 
the post-synthesis tuneability of the materials.  Chapter 2 focuses on phosphorus doped 
(P-doped) and boron doped (B-doped) silicon nanocrystals (Si NCs) where the plasmonic 
behavior is used as way of understanding dopant behavior.  It compares as-synthesized 
NCs to those that have undergone post-synthesis treatments and leads to a better 
understanding of dopant behavior in plasma synthesized Si NCs.  Chapter 3 looks at 
controlling the morphology of P-doped Si NCs to make large, highly symmetric NCs.  
The effects of input power, electrode spacing, and precursor recipe on particle 
morphology are studied.  Production of this type of NC would enable structural 
measurements of nanocrystalline P-doped silicon to be performed.  Chapter 4 explores 
nonthermal plasma synthesis of TiN nanoparticles with plasmon resonance suitable for 
biological applications.  This is the first instance, to the author’s knowledge, at this time 
that a metalorganic precursor has been used with nonthermal plasma to produce TiN 
NCs.  This recipe also yields a sharper, more stable LSPR than previously reported 
plasma synthesized TiN.  
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2. Plasmonic Properties of Silicon Nanocrystals Doped with 
Boron and Phosphorus 
Parts of this chapter were adapted with permission from: Nicolaas J. Kramer; Katelyn S. 
Schramke; Uwe R. Kortshagen; Nano Lett.  2015, 15, 5597-5603. DOI: 
10.1021/acs.nanolett.5b02287. Copyright © 2015 American Chemical Society. 
2.1. Abstract 
 
Degenerately doped silicon nanocrystals are appealing plasmonic materials due to 
silicon’s low cost and low toxicity. While surface plasmonic resonances of B-doped 
and P-doped silicon nanocrystals were recently observed, there is currently poor 
understanding of the effect of surface conditions on their plasmonic behavior. Here, we 
demonstrate that P-doped silicon nanocrystals exhibit a plasmon resonance 
immediately after their synthesis but may lose their plasmonic response with oxidation. 
In contrast, B-doped nanocrystals initially do not exhibit plasmonic response but 
become plasmonically active through post-synthesis oxidation or annealing. We 
interpret these results in terms of substitutional doping being the dominant doping 
mechanism for P-doped silicon nanocrystals, with oxidation-induced defects trapping 
free electrons. The behavior of B-doped silicon nanocrystals is more consistent with 
surface doping. Importantly, B-doped silicon nanocrystals exhibit air-stable plasmonic 
behavior over periods of more than a year. 
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2.2. Introduction 
Nanocrystals (NCs) that exhibit a localized surface plasmon resonance (LSPR) have 
attracted attention for a wide range of applications from photothermal therapies,46 to 
bioimaging and biosensing,47,48 plasmonic enhancement of solar cells,49 nanoelectronics,50 
hot electron generation for photocatalysis and photovoltaics,51 and electrochromic 
materials.52  These excitations provide a mechanism for enhancing and controlling many 
important processes such as energy transfer,53,54  light-harvesting,55,56 and hot carrier 
generation.57,58  A variety of materials have been proposed for plasmonic applications 
spanning a wide range of wave- lengths.59 In recent years degenerately doped 
semiconductor NCs have attracted significant attention. Contrary to noble metal NCs,60 
in which the carrier density is fixed, the position of the LSPR of doped semiconductor 
NCs can be tuned by adjusting the free carrier concentration of the NCs.40 
Several strategies have been applied to control the free carrier concentration and the 
resulting LSPR of semiconductor NCs. The most common strategies are the extrinsic 
doping of semiconductors with n-type or p-type dopants,42,61–63 the self-doping of 
compound semiconductors through the tuning of the NC composition,64,65 and the doping 
through NC-solvent interactions.66 Doping of semiconductor NCs allows for control 
over the LSPR wavelength while the NC size or shape remain unaffected. However, 
like many nanomaterials, doped semiconductor NCs suffer from oxidation and the 
strong influence of the NC surface conditions which may negatively impact their 
plasmonic properties. For instance, metal chalcogenides NCs, such as copper sulfide, 
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become increasingly doped during oxidation, resulting in an LSPR blue-shift.67 Also, 
adsorbed surface species can trap free carriers such as in zinc oxide NCs where the 
plasmonic response may be completely eliminated through surface hydroxyl groups.68 
There are opportunities for plasmonics to make an impact at longer wavelengths, 
particularly in the mid-IR.69,70  Silicon NCs are potentially interesting nanomaterials for 
plasmonic applications in the infrared due to silicon’s low cost and low toxicity. Recently, 
localized surface plasmon resonances were observed in highly P-doped and B-doped silicon 
nanocrystals (Si NCs) produced via nonthermal plasma synthesis.42,63 However, the 
details of the influence of the NC surface on the dopant activation and plasmonic 
response are still poorly understood. Rowe et al. report tunable LSPRs of P-doped Si 
NCs right after the synthesis and kept under air-free conditions. 42 In contrast, Zhou et 
al.  do not observe LSPRs of as-produced Si NCs, but report the occurrence of LSPRs 
only after long- time oxidation.63 They suggest that long-time oxidation leads to a 
reduction of surface defect states that can trap free carriers and reduce the plasmonic 
response. In this paper, we study the evolution of the LSPRs of P-doped and B-doped Si 
NCs during oxidation and after post-synthesis annealing. Based on our results, we 
suggest that the plasmonic responses of P-doped and B-doped Si NCs is based on different 
mechanisms. The behavior observed for P-doped Si NCs appears consistent with 
substitutional doping and the subsequent trapping of free electrons at trap states at the 
silicon-silicon oxide interface. Contrarily, the LSPR of B-doped Si NCs is more 
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consistent with surface doping in which trap states play only a minor role. While 
substitutional boron is still present, it is insufficient by itself to reach the doping levels 
required for plasmonic behavior. Our work provides a better understanding of the 
effect of surface conditions and oxidation on the plasmonic response of Si NCs and 
suggest viable routes to achieve air-stable plasmonic Si NCs with controlled LSPRs in 
the infrared range of the spectrum. 
2.3. Results and discussion 
2.3.1. Plasmonic behavior of as-produced and oxidized NCs  
Freestanding B-doped and P-doped Si NCs, with an average size of 8 nm, are 
produced using a nonthermal plasma process which has been described previously.7,42,71 
The indicated fractional dopant flow rates are defined as: 
XP = [P H3]/([SiH4]+[P H3]) × 100%  and 
XB = 2[B2H6]/([SiH4]+2[B2H6]) × 100%, 
where [P H3], [SiH4] and [B2H6] are the gaseous precursor flow rates of 
phosphine, silane, and diborane respectively. The Si NCs are deposited directly onto a 
glass substrate, silicon wafer or an aluminum-coated silicon wafer for further analysis. 
Fourier Transform Infrared Spectroscopy (FTIR) measurements of as-produced NCs are 
performed in a nitrogen-purged glovebox environment. 
  9 
 
Figure 2.3.1 FTIR spectra of as-produced (a) P-doped and (b) B-doped silicon nanocrystals with increasing 
fractional doping flow rates. For P-doped Si NCs a LSPR emerges for sufficiently high doping 
concentrations. A LSPR is not visible for B-doped Si NCs, even at high doping levels. Absorption modes due 
to silicon-hydride, boron-hydride, and phosphorus-hydride related vibrations are observed, as indicated by 
the blue and orange regions. Spectra are offset for clarity. (c) Oxidation of P-doped (30%) and B-doped 
(2.5%) Si NCs in air as a function of time. Opposite behavior is observed, with the LSPR disappearing for P-
doped Si NCs, while a LSPR develops and blue-shifts during oxidation for B-doped Si NCs. (d) Development 
of the LSPR for as-produced and subsequently oxidized and etched P-doped (30%) and B-doped (2.5%) Si 
NCs. 
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Figures 2.3.1a and 2.3.1b show the FTIR spectra of as-produced P-doped and B-doped 
Si NCs with increasing fractional dopant flow rates. These results illustrate a significant 
difference in plasmonic behavior between the two doping cases. For sufficiently high 
doping concentrations, a plasmon resonance emerges for P-doped Si NCs. The plasmon 
peak position blue-shifts for increasing fractional dopant flow rates as a result of the 
increased doping concentration. Using the peak position of the plasmon resonance,40 
we find a free carrier concentration of 1.9 × 1020 cm-3 for a fractional dopant flow rate 
of 30%. Assuming a nanoparticle size of 8 nm we estimate that highly P-doped Si NCs 
contain approximately 100 active phosphorus dopants per NC. In addition, there is a 
phosphorus-hydride stretch mode visible at 2276 cm-1 that becomes more pronounced for 
higher doping concentrations. This suggests that the surface of the NC also contains a 
significant amount of phosphorus which is likely inactive.72,73  The as-produced NCs do 
not show any sign of oxidation as is confirmed by the absence of silicon oxide features in 
the spectra. Contrary to P-doped Si NCs, the as-produced B-doped Si NCs show no 
plasmon resonance, even at high fractional dopant flow rates. The boron-hydride and boron- 
oxide stretches at 2500 cm-1, 1800 cm-1 and 1400 cm-1 indicate that boron is deposited on 
the surface of the Si NC during synthesis.73,74 The lack of a plasmon resonance indicates a 
significantly smaller free carrier density compared to P-doped Si NCs. This difference in 
phosphorus and boron incorporation efficiency has been shown by various computational 
models,75–77 in which the lower active boron concentration in Si NCs was attributed to 
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the larger formation energy of boron compared to phosphorus in Si NCs. Accordingly, the 
boron atoms prefer to reside on or near the surface of the Si NC where they do not affect 
the free carrier concentration.78  
To investigate the role of the surface properties on the plasmonic properties we 
perform post-synthesis oxidation and annealing treatments. Figure 2.3.1c shows the 
effect of oxidation on P-doped and B-doped Si NCs as a function of oxidation time. 
Opposite behavior is again observed during oxidation. For the case of P-doped Si NCs, 
the LSPR vanishes as the NCs oxidize. A strong Si-O-Si bridging feature appears at 
1050 cm-1 and a vibration related to silicon-hydride back-bonded oxygen (O3-Si-Hx) 
around 2300 cm-1.  This suggests that oxidation of P-doped NCs reduces the number of 
free carriers, as the LSPR disappears after four hours of air exposure. 
When B-doped Si NCs are exposed to oxygen, a LSPR emerges and blue-shifts as the 
particles oxidize. This suggests that oxidation induces the creation of additional free 
carriers. It is important to note that, different from P-doped Si NCs, no significant Si-O 
related absorption features are detected in the FTIR, even after 57 hours of oxidation. 
This indicates that the rate of oxidation is strongly reduced by the presence of boron at the 
Si NC surfaces. The oxidation-induced LSPR of B-doped silicon nanocrystals finally 
saturates after days of air exposure. After complete oxidation, the LSPR of B-doped 
silicon nanocrystals appears indefinitely stable and samples produced more than a year 
ago exhibit unchanged plasmonic response. This is an important observation for air-
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stable plasmonic materials based in silicon nanocrystals. 
The significant differences in oxidation rate of the P-doped and B-doped Si NCs is 
consistent with the Cabrera-Mott theory of oxidation of silicon.79 According to this 
theory, electrons from the Fermi level of the Si NC core tunnel through the surface 
oxide to form negative ions of surface adsorbed oxygen. The process generates an 
electric field across the oxide which causes the oxygen ions to drift to the Si NC core. 
Phosphorus doping is expected to raise the Fermi level, which is consistent with the 
fast oxidation of the Si NCs due to the enhanced tunneling rate. Conversely, boron 
doping is expected to lower the Fermi level, which is supported by the significantly 
reduced oxidation rate of the B-doped Si NCs. 
To further elucidate the effect of the surface oxidation, the oxide shell covering the 
Si NCs was removed using hydrofluoric acid (HF) vapor, followed by the measurement 
of FTIR spectra of etched, again oxide-free Si NCs. The FTIR spectra of the etched Si 
NCs are shown in Figure 2.3.1d. For P-doped Si NCs, the plasmon resonance returns after 
removal of the oxide but is red-shifted with respect to its original position. This 
suggests that some of the previously active phosphorus dopants are removed during 
etching, which is also confirmed by EDX measurements (see Figure 7.1.5 in Appendix, 
section 7.1). The complete removal of the oxide is confirmed by the lack of the two 
silicon oxide related absorptions around 1050 and 2300 cm-1 in the FTIR spectrum. Similar 
behavior was observed by Zhou et al., where a strong plasmonic resonance appeared 
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after removal of the oxide.63 For B-doped Si NCs the plasmon resonance disappears 
after etching and the new spectrum resembles that of the as-produced NCs. When the B-
doped Si NCs re-oxidize, the plasmon resonance returns, confirming the need of an oxide 
shell for a plasmon resonance to develop. The peak position of the plasmon is not 
significantly affected by the etching and oxidation step, indicating that the free carrier 
density remains constant. 
Previously it was suggested that a silicon oxide shell is required for plasmonic 
behavior, as it would provide a passivation route that reduces surface defect states.63 Our 
findings do not support this hypothesis, since plasmonic behavior is only observed for 
oxidized boron- doped Si NCs. On the other hand, for P-doped Si NCs, the plasmonic 
properties deteriorate during oxidation. This suggests that the plasmonic response of 
silicon NCs is determined by oxidation-induced generation or removal of free carriers on 
the surface of the nanocrystal. 
 
2.3.2.  Surface defects and composition 
Electron Paramagnetic Resonance (EPR) measurements were performed to gain 
insight into the number and type of defects at the surface of both types of doped Si 
NCs. Figure 2.3.2 shows the EPR spectra of intrinsic, B-doped and P-doped Si NCs. 
As-produced and oxidized spectra are shown in red and blue respectively. Two types of 
defects are visible for intrinsic Si NCs. A g-value of 2.0055 is assigned to threefold-
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coordinated Si in a randomly distorted environment (D centers).80  After oxidation the 
line shape and g-value change as a result of the formation of an oxide shell around the 
nanocrystals (Pb centers), which leads to trivalent silicon atoms at the interface of the 
silicon core and the oxide.81  
 
Figure 2.3.2 Electron paramagnetic resonance spectra for P-doped (10%), B-doped (10%), and intrinsic Si 
NCs. Spectra are shown for as-deposited (red) and oxidized (blue) NCs. The spectra for B-doped NCs have 
been magnified by a factor of 5 for clarity. 
  
 
As-produced P-doped Si NCs exhibit a broad absorption with a g-value of 1.998. This is 
attributed to conduction electrons from active dopant atoms.82–86  After oxidation the 
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magnitude of the broad feature reduces significantly and a traditional oxide signature 
appears, similar to oxidized intrinsic NCs. This confirms that oxidation is reducing the 
number of conduction electrons and indicates the generation of trap states while a 
silicon oxide shell is formed. This is consistent with the FTIR results, where the plasmonic 
response is lost during oxidation. 
For B-doped Si NCs very little EPR signal is observed. The high concentration of 
boron atoms on the surface of the Si NC has been shown to lead to a passivation of the 
surface.87  In contrast to P-doped Si NCs, oxidation of the B-doped Si NCs does not 
give rise to any further change of the spectrum. The lack of signal from Pb-centers, even 
after two weeks of oxygen exposure, implies that the B-doped Si NCs do not form a 
traditional silicon oxide shell. In particular, our results do not indicate a removal of 
dangling bonds at the surface due to oxidation as a source of the free carriers that cause the 
plasmonic response of oxidized B-doped Si NCs. 
X-ray Photoelectron Spectroscopy (XPS) was used to further analyze the NC 
surface and dopant coordination. Figure 2.3.3 shows the XPS spectra of P-doped and B-
doped NCs in as-produced and oxidized states. The P-doped Si NCs spectrum contains 
two features. The peak located at ∼135 eV results from phosphorus bonded to oxygen. 
This peak is present for as-produced particles and is likely caused by the short air 
exposure during sample loading. A second peak at a lower binding energy of ∼130 eV 
is a result of phosphorus bonded to phosphorus or silicon.88 After oxidation the low 
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energy peak decreases in intensity compared to the higher energy oxide peak. This 
indicates that a significant fraction of phosphorus atoms that are bonded to silicon atoms 
and which may, at least in part, be active donors are oxidized and likely deactivated. 
The boron XPS spectra in Figure 2.3.3 can be deconvolved into four peaks.89–91  A  
broad peak at a low binding energy of ∼185 eV is the contribution from the trivalent 
state of boron (B(III)). The feature at ∼189 eV results from boron atoms bonded to 
four silicon or boron atoms. The two higher energy peaks originate from boron atoms 
that are attached to electronegative atoms such as oxygen. The XPS spectra indicate 
that a large fraction of trivalent boron is present, likely at the surface of the NC. Based on 
peak analysis, the fraction of trivalent boron of as-produced Si NCs is approximately 75%. 
After oxidation, this fraction does not decrease significantly. The spectrum of oxidized 
Si NCs shows a slight increase in intensity for the peaks corresponding to boron bonded 
to oxygen. This is consistent with the EPR results, which show almost no changes upon 
oxidation of the Si NCs.  The significant importance of the surface conditions for the 
doping and plasmonic properties of Si NCs is apparent from the above observations. 
While in bulk semiconductors, substitutional placement of the dopants is essential, 
their properties at the NC surfaces clearly play a key role for the doping of Si NCs. The 
above observations of the difference in plasmonic behavior of P-doped and B-doped Si 
NCs suggest very different doping behavior for these two dopants. The presence of 
LSPRs in as-produced P-doped Si NCs seems to be consistent with an important role of 
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substitutional donors. The disappearance of the LSPR with oxidation of the Si NCs 
appears to be related to the generation of defect states at the silicon-silicon oxide 
interface. Substitutional doping in B-doped Si NCs seems to be less effective, as 
suggested by the lack of LSPR in as- produced Si NCs. Oxidation of B-doped Si NCs, 
where a large fraction of boron resides at the surface, leads to effective carrier 
generation, as evidenced by the appearance of the LSPR. The generation or removal of 
traps does not seem to play a significant role as suggested by the overall weak EPR 
signal and the complete lack of change of that signal during oxidation. While the carrier 
generation mechanism during the oxidation of B-doped Si NCs is currently not clear, it 
may be related to surface doping, as observed by Ristein.92,93   In this mechanism, a 
surface dopant may accept an electron from the NC’s valence band if its lowest 
unoccupied molecular orbital is close to the valance band maximum of the semiconductor 
NC, leading to the generation of free holes. It should be noted that some boron-oxide 
species have attachment energies that seem to be compatible with this process.94  
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Figure 2.3.3 X-ray photoelectron spectroscopy (XPS) spectra for as-produced and oxidized P-doped (10%) 
and B-doped (10%) silicon NCs. The phosphorus spectrum can be deconvolved into two peaks. The peak at 
130 eV corresponds to phosphorus bonded to phosphorus or silicon (red), while the broad peak at 135 eV is 
a result of oxidized phosphorus (blue). For boron, a broad peak at 185 eV originates from trivalent boron 
(blue) while the higher energy peak at 188 eV corresponds to tetravalent boron (red). The two peaks at 191 
eV (red) and 193 eV (orange) are a result of oxygen bonding to boron. 
 
 
 
2.3.3.  Plasmonic behavior of annealed NCs 
To further test this proposed mechanism, we studied the effect of low temperature 
annealing of Si NCs, which was found to reduce the defect density of Si NCs by more 
than an order of magnitude.80 The FTIR spectra of P-doped and B-doped Si NCs 
annealed at low temperature in a nitrogen environment is shown in Figure 2.3.4a. The Si 
NCs were annealed on a hotplate in an oxygen-free glovebox environment with less 
than 0.1 ppm of oxygen for ten minutes at each specified temperature and the FTIR 
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spectrum was measured after the samples cooled down to room temperature. P-doped Si 
NCs exhibit a blue-shift of the LSPR which may indicate an increase in the free electron 
density due to the removal of trap states, as confirmed by EPR measurements (see Figure 
7.1.6 in Appendix, section 7.1). Annealing also leads to the appearance of LSPRs for the 
annealed B-doped Si NCs. This may be an effect of accelerated oxidation of the B-
doped Si NCs at higher temperatures, as small Si-O-Si features become visible at 1050 
cm-1 likely due to reaction with trace oxygen in the glovebox. Additionally, restructuring 
of the surface may be contributing to the induced plasmon resonance during annealing. 
 
 
Figure 2.3.4 (a) Development of the LSPR during low-temperature air-free annealing of phosphorus (30%) 
and B-doped (2.5%) Si NCs. As a result of the annealing step the LSPR significantly blue-shifts for P-doped 
Si NCs. For B-doped Si NCs, the annealing treatment is able to generate additional free carriers, leading to 
a plasmon resonance to develop. (b) FTIR spectra of as-produced, oxidized and subsequent annealed at 
200 °C P-doped and B-doped silicon NCs. While the LSPR is removed after oxidation, an annealing 
treatment is able to bring the LSPR resonance back for P-doped NCs. 
 
The effect of an annealing treatment on oxidized NCs is shown in Figure 2.3.4b.  
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Interestingly, the LSPR of oxidized P-doped NCs returns during the annealing treatment, 
which suggests that defects at the silicon-silicon oxide interface may be reduced due to 
the low temperature anneal. This is also observed in EPR measurements (see Figure 7.1.7 
in Appendix, section 7.1). It should be noticed that the LSPR of annealed P-doped Si NCs is 
not air stable, but will disappear again slowly, likely due to further oxide formation and the 
creation of new electron trap states. The annealing of oxidized B-doped Si NCs shows only 
a minor effect, consistent with our suggestion that defects play only a small role as trap 
states in B-doped Si NCs. 
2.3.4.  Modeling plasmonic behavior1 
Here, we look at a classical hybridization theory and a full quantum mechanical 
TDLDA approach, developed by collaborators. Due to the band structure of silicon, 
doping with phosphorus contributes light (transverse) and heavy (longitudinal) electrons, 
while boron contributes light and heavy holes.  The SiNCs are modeled as jellium 
spheres and a background polarizability of 11.97, as appropriate for bulk Si.95  Boron (B) 
doping is hole-type doping and results in holes at the top of the two valence bands at the 
-point of the Brillouin zone. The effective masses are mH= 0.537  for the heavy holes 
and mL= 0.153  for the light holes where  is the mass of a free electron. 
                                                 
1 Parts of this section were adapted with permission from H. Zhang, R. Zhang, K. S. Schramke, 
N. Bedford, K. Hunter, U. Kortshagen, P. Nordlander. “Doped Silicon Nanocrystal Plasmonics”, 
ACS Photonics, 2017, 4, 963–970. Copyright 2017 American Chemical Society. 
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Phosphorous (P) doping is electron-type doping and results in electrons in the 6 
degenerate pockets at the X-points. The anisotropy of these pockets results in two types 
of carriers with effective masses being 0.916  for the heavy (longitudinal) and 0.19  
for the light (transverse) electrons.95 When two carriers of different mass are present, 
their relative doping densities will be different. For the present B- and P-doping, the 
relative doping densities are related to the total doping density  as 
 
For both P- and B-doping, we will refer to the carriers as heavy (subscript ‘H’ and 
‘Long’) or light carriers (subscript ‘L’ and ‘Trans’). It makes no difference in the 
theoretical modeling whether the carriers are electrons or holes or whether the origin of 
the mass differences is due to band dispersion or anisotropy.  Depending on the chemical 
properties of the dopants and the synthesis process, the dopant distribution in Si NCs can 
either be primarily bulk, P-doped, or primarily surface doping, B-doped. 
The left panels of Figures 2.3.5a and 2.3.5b present the measurements of 
absorption spectra for the oxidation process of Si NCs under B- and P-doping cases, 
respectively. Figure 2.3.5c shows the effect of annealing the B-doped Si NCs. The 
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annealing process can free some trapped carriers to the bulk by passivating dangling bond 
defects,42,80 resulting in an increase of free carrier density inside NCs. Figure 2.3.5d 
shows the effect of fractional precursor flow  on the absorbance. To model the 
measured spectra, we use the doping density and profile as fitting parameters.  Annealing 
results in an increase in carrier densities for both B- and P-doping as charges trapped at 
the surface become free with increasing temperature.42,80 The variations of the fitted 
doping densities in Figures 2.3.5a-d are all consistent with these physical doping 
mechanisms and align with the experimental data.     
The absorption spectra in Figure 2.3.5 exhibit a single resonance. Due to the 
presence of two different charge carriers, associated with two different plasma 
frequencies, for both for P- and B-doping, two distinct plasmon resonances might be 
expected. However, through the calculations of the optical absorption spectra for 
arbitrary and independent doping concentrations for the different carriers, it was found 
that the absorption spectra remain characterized by a single plasmon resonance in most 
cases. 
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Figure 2.3.5: Measured (left) and calculated (right) absorption spectra. (a) Oxidized B-doped SiNCs 
( ) for as-produced, 2, 18, and 98-hour oxidization. The fitted doping concentrations are 
  (b) Oxidized P-doped SiNCs ( ) for as-produced, 20-minute, 1-
hour, and 18-hour oxidization. The fitted doping densities are  (c) Annealed 
B-doped SiNCs ( ).  The fitted doping densities are .  (d)  As-
produced P-doped SiNCs ( ).   The fitted doping densities are 
.  The damping used is  0.12 eV (a, c), 0.04 eV(b,d). 
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Figure 2.3.6: Comparisons of carrier concentrations of as-produced Si NCs.  For each fractional phosphine 
flow rate (10%to 50%), the height of the blue or red bars shows the measured atomic dopant concentration 
or fitted doping densities. The fitted carrier concentrations are extracted from calculations of Figure 3.3.2d, 
where the diameter of the NCs is 8 nm, and the effective masses are 0.916  and 0.19 . 
Figure 2.3.6 summarizes the measured atomic dopant concentration in 
experiments and the free carrier densities that were extracted from simulations.  The 
measured doping concentrations were determined using energy dispersive x-ray 
spectroscopy (EDS).  The free carrier density is always smaller than the actual atomic 
concentrations and the ratio of precursors as shown in Figure 2.3.6. This mismatch is due 
to a substantial amount of inactive dopant atoms at the surface of the nanocrystals.  
2.3.5.  HE-XRD and RMC Modeling2 
To further explore whether the dopant distribution may play a role in the absorption 
spectra, we employed high-energy x-ray diffraction (HE-XRD) coupled to atomic pair 
                                                 
2 Parts of this section were adapted with permission from H. Zhang, R. Zhang, K. S. Schramke, N. 
Bedford, K. Hunter, U. Kortshagen, P. Nordlander, “Doped Silicon Nanocrystal Plasmonics”, ACS 
Photonics, 2017, 4, 963–970. Copyright 2017 American Chemical Society. 
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distribution function (PDF) analysis96,97 and reverse Monte Carlo (RMC) structural 
simulations49 to experimentally elucidate atomic-scale dopant distribution in the P-doped 
Si NCs in the form of ensemble average nanoparticle configurations.   In this instance, 
however, the calculated absorption spectra showed no significant dependence on the 
spatial location of dopant distribution and are all consistent with a bulk dopant profile for 
as-produced P-doped Si NCs.  The plasmonic properties of doped Si nanoparticles are 
likely affected by the local chemical and structural coordination around the dopant atom, 
wherein both spatial location of the dopant atom (surface vs. core) and overall structural 
order directly impacts the local dopant environment. Atomic PDF analysis is an 
established yet underutilized structure analysis method wherein both Bragg features 
arising from long-range periodicity and diffuse components originating from a lack of 
long-range structural order are both simultaneously examined.96,97   An atomic PDF of 
10% P-doped Si nanoparticles is shown in Figure 2.3.7, black line, where peaks in the 
atomic PDFs represent atomic pair distances with enhanced atomic density.  As shown in 
Figure 2.3.7, red line, RMC simulations reproduce the experimental atomic PDFs 
reasonably well, with goodness of fit parameters (𝑅𝑤) below 15%.
 
An ensemble-averaged nanoparticle configuration was obtained by modeling the 
atomic PDFs using RMC simulations. RMC simulations do not require any 
crystallographic information and are only guided by the experimental atomic PDF data 
and user defined restrictions (nearest neighbor distance, coordination numbers, etc.).  As 
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such, RMC simulations are ideal for structural modeling of inherently disordered 
systems, including nanomaterials.98–102 A RMC- generated configuration cross-section is 
shown in Figure 2.3.8 for 10% P-doped Si NCs. These configurations, modeled directly 
from experimental structural data, indicate that the nanoparticle has a significantly 
disordered surface with a more ordered structure within the nanoparticle core which 
agrees with experimental observations. Using the RMC-generated nanoparticle 
configuration for the 10% P-doped Si NCs, metrics regarding phosphorus dopant location 
and coordination can be determined and correlated back to theoretical models and 
plasmonic properties. 
 
 
Figure 2.3.7 Atomic PDFs (black line) and corresponding RMC fit (red line) for 10% P-doped nanoparticles. 
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Figure 2.3.8: (Left) Cross section of RMC-generated configuration of 10% P-doped Si nanoparticles.  Blue 
atoms represent Si while grey atoms represent P. (Right) The number of atoms distributed radially from the 
center of the RMC-generated configuration for 10% P-doped Si nanoparticles, normalized to volume. Red 
bars represent Si atoms, while blue bars, multiplied by 100x for clarity, represent P atoms. 
 
2.4. Conclusion 
Here the plasmonic properties and dopant dynamics of P-doped and B-doped Si NCs 
that were produced through nonthermal plasma synthesis were studied. While the 
synthesis and doping method are identical, P-doped and B-doped Si NCs show very 
different plasmonic behavior which is strongly influenced by their surface properties. 
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Figure 2.4.1 Summary of the plasmonic behavior of phosphorus doped silicon.  The blue clouds around the 
particles represent plasmonic activity.  As-produced phosphorus doped Si NCs, as shown on the far left, are 
plasmonic and remain plasmonic, with an increase in active carriers, when annealed at low temperatures.  
The LSPR diminishes and disappears with oxidation but appears again with removal of the oxide layer or 
low temperature annealing.  The presence of an LSPR begins for phosphorus doped silicon after ~10% 
nominal doping and blue-shifts with increased nominal doping up to 50%. 
 
P-doped Si NCs exhibit an LSPR as-produced but this quickly disappears upon 
oxidation, Figure 2.4.1.  This is consistent with substitutional doping that produces free 
electrons, which are trapped as defects at the silicon-silicon oxide interface develop 
upon oxidation. This interpretation is supported by EPR measurements, which indicate 
the generation of Pb centers. XPS also shows a decrease of the number of tetravalent 
phosphorus as a silicon oxide shell grows. Annealing at low temperatures restores the 
plasmonic response, likely due to remediation of defect sites due to hydrogen diffusion. 
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Figure 2.4.2 Plasmonic behavior of B-doped silicon nanocrystals.  The blue clouds around the particles 
represent plasmonic activity. As-produced boron doped Si NCs are not plasmonically active. Post-synthesis 
treatments of both oxidation and annealing activate the LSPR.  Oxide removal returns the NCs to their as-
produced state. 
 
B-doped Si NCs exhibit no LSPR as-produced but develop plasmonic response upon 
oxidation, Figure 2.4.2. EPR measurements suggest that B-doped Si NCs have a very 
low defect density, which does not increase upon oxidation. Hence trap states seem to 
be of little importance for B-doped Si NCs. Moreover, XPS measurements show very 
minor changes in the number of trivalent and tetravalent boron dopants. This behavior 
suggests a lesser role of substitutional doping by boron, but it is consistent with surface 
doping. While we currently do not fully understand the underlying mechanism, we suggest 
boron-oxide species at the Si NC surfaces as candidates for electron acceptors. Further 
work is needed to clarify the doping mechanism and quantum chemical calculations may 
be helpful to elucidate the role of different surface species. 
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It is important to note that the B-doped Si NCs show environmentally stable LSPRs 
after complete oxidation. Strong plasmonic behavior is observed for samples that have 
been exposed to air at ambient conditions for more than a year. Air stability is an 
important result for the application of Si NCs as infrared plasmonic materials. 
 
2.5. Experimental Methods 
Nanoparticle synthesis: Silicon nanocrystals are synthesized in a continuous-flow, 
low-pressure plasma reactor from an argon-silane (SiH4) gas mixture. Dopants are 
introduced by addition of phosphine (PH3) or diborane (B2H6) to the gas mixture. The 
reactor consists of a borosilicate glass tube through which the reactant gases are flown. 
Typical flow rates are 30-50 standard cubic centimeters per minute (sccm) of argon, 0.4-
0.6 sccm of silane, 0-2 sccm of diborane diluted in hydrogen (10%) and 0-2 sccm of 
phosphine diluted in hydrogen (15%). Radio frequency (rf) power is supplied at 110 W 
and 13.56 MHz to ring electrodes to form crystalline silicon nanoparticles in the 
plasma. The NCs are collected directly onto glass substrates, silicon wafers, or aluminum-
coated silicon wafers and transferred air-free to a nitrogen-purged glovebox using a push-
rod assembly. 
Fourier transform infrared spectroscopy (FTIR) experiments were conducted in 
either a nitrogen-purged glovebox or directly in air using a Bruker Alpha FTIR 
spectrometer in DRIFTS mode or transmission mode.   Spectra were collected by 
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averaging 20 scans at 2 cm-1 resolution. 
Hydrofluoric acid (HF) vapor etching (50% in water) of oxidized Si NCs was 
performed in a room-temperature container. The oxide was removed after exposing the 
Si NCs to the vapor for 2 to 4 hours. After etching, the samples were transferred air-
free to a nitrogen- purged glovebox for further analysis. 
X-ray Photoelectron Spectroscopy (XPS) spectra are acquired on a Surface 
Science Laboratories, Inc. SSX-100 XPS with a monochromatic Al Kα x-ray source. A 
x-ray power of 200 W with a 1 mm spot size was used. Si NC samples are prepared by 
directly impacting a <50 nm thin film of Si NCs onto a gold-coated Si wafer. B1s and 
P1p peaks were obtained by integrating scans for 2.5 hours. Peaks are assigned by using 
the C1s peak as a reference at 285 eV. 
Electron Paramagnetic Resonance (EPR) measurements were taken using a Bruker 
Continuous Wave Elexsys E500 electron paramagnetic resonance spectrometer. For the 
measurements, a few milligrams of Si NC powder was carefully loaded into the bottom of 
sample tubes (suprasil quartz), and the open end of the tubes was sealed with epoxy glue in 
order to enable their transport from the glovebox to the EPR spectrometer without 
exposing the NCs to air. The spectra were normalized to the weight of the nanoparticles. 
X-ray Diffraction (XRD) from nanoparticles was collected using a Bruker-AXS 
Microdiffractometer with a 2.2 kW sealed Cu x-ray source. The nanoparticle diameter is 
calculated from the Scherrer equation. 
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Transmission Electron Microscope (TEM) images of the doped nanoparticles 
were collected on lacy-carbon grids and examined with a Tecnai G2 F30 transmission 
electron microscope. 
Energy Dispersive X-ray Spectroscopy (EDX) data was collected using a JSM-
6610LV SEM with an Oxford Instruments Inca X-Act EDS system. Doped Si NCs 
were deposited on conductive carbon tape for atomic concentration measurement. 
Plasmon modeling was completed by Hui Zhang and Runmin Zhang in Professor 
Nordlander’s group at Rice University. 
 HE-XRD patterns were obtained by Nick Bedford, at the 11-ID-B beamline of the 
Advanced Photon Source, Argonne National Laboratory using 58.66 keV irradiation. 
Nanoparticles were loaded into 2.0 mm outer diameter quartz x-ray capillaries, sealed 
under inert atmosphere, then loaded into NMR tubes which were subsequently flame 
sealed to prevent nanoparticle oxidation. X-ray capillaries were loaded into NMR tubes 
such that the x-ray capillary was centered in the middle of the NMR tube using Teflon 
tape. The sample to detector distance was calibrated using CeO2 powder loaded in a 
similar geometry. HE-XRD patterns were collected using an area detector in a 
transmission geometry to Qmax = ~30 Å
-1.  HE-XRD patterns were corrected for 
background scattering, converted into S(Q), and Fourier transformed into PDFs using the 
program RAD.103  Briefly, the raw HE-XRD data was background corrected and 
converted into their corresponding total structure functions S(Q).  The atomic pair 
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distribution functions, G(r), were obtained from the Fourier transform of Q[S(Q)-1].  The 
atomic PDF is defined as G(r) = 4πr(ρ(r) – ρ(0)), where r is the distance between two 
atom pairs, ρ(r) is local atomic density, and ρ(0) is the average atomic density. 
RMC Modeling. To obtain nanostructure configurations and local P and B 
structural information, atomic PDFs were modeled with reverse Monte Carlo (RMC) 
simulations using RMC++.104 A 5 nm truncated ideal Si crystal served as starting 
configurations for RMC simulations. 10% of the Si atoms were randomly replaced with P 
to reflect the nominal doping from the nanoparticle synthesis.  Constraints in the RMC 
simulations included minimum Si-Si and Si-P bond length distances. Additionally, ~10% 
of RMC generated moves allowed for Si-P position swaps to prevent initial structure 
biasing of the simulations.  The 5 nm size was used erroneously since the actual 
nanocrystals were closer the 7.75 nm in size (size distribution information shown in 
Appendix 7.1).  This could potentially influence the results of the RMC modeling. 
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3. Synthesis of Faceted, Large Phosphorus Doped Silicon 
Nanocrystals 
 
3.1. Introduction 
Employing a constricted filamentary plasma has been previously shown to have a 
significant effect on nanocrystal growth within the plasma.105  This work revealed that 
highly faceted Si NCs can be grown to large sizes, 40+ nm in diameter, when grown 
within a constricted, filamentary plasma with a residence time of several seconds.105  
These large nanocrystals are of particular interest for their potential use in single particle 
electronic devices including transistors or floating gate memory devices.105,106  These 
NCs also allow for the possibility of examining their structural properties, such as the 
elastic limit, as the relatively large facets provide a location to apply a force to induce 
deformation.107  Structural properties, just like electronic properties, of nanomaterials can 
vary greatly from the bulk properties.108–110  These properties remain largely unstudied 
for many materials.  Large, faceted doped silicon nanocrystals are also of interest to 
compare the nanocrystalline properties of doped silicon to that of intrinsic silicon and 
could be useful for similar electronic device applications.111,112  Due to the inherent safety 
issues imposed by working with the dopant gases, diborane (B2H6) or phosphine (PH3) – 
both of which are pyrophoric and highly toxic at the parts per million level, this 
experiment could not be completed in the same plasma reactor used to produce the Si 
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nanocubes.  In this work, I endeavored to develop experimental conditions that would 
yield 20-100 nm faceted P-doped Si NCs.   
3.2. Results and Discussion 
The nonthermal plasma synthesis process affords several controls over 
experimental design, though some are tied into one another.  Residence time, or the 
amount of time a nanocrystal spends within the plasma, directly correlates to the size of 
the nanocrystal.7  The target residence time is several seconds for this type of nanocrystal 
growth.105,107  The relationship for residence time is described most simply by 
 where tres is the residence time, Vplasma is the volume of the plasma, Q 
is the flow rate, and P is the chamber pressure.  The plasma volume is the simplified part 
of this equation since it can be changed by altering the electrode position however this 
can also affect the plasma properties.  For this work the electrode spacing is defined as 
the distance from the bottom of the top copper ring electrode to the top of the stainless 
steel ultraTorr fitting at the base of the reactor tube.  Adjusting the flow rate also changes 
the pressure, which can be accounted for by adjusting the width of the downstream 
nozzle.   
Beyond these general controls, we can also adjust the recipe for the NCs and the 
input power.  The silane (SiH4), on this system is 100% so no additional gas needs to be 
accounted for when adjusting its flow, however the PH3 is diluted to 15% in hydrogen.  
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The additional hydrogen can be significant as it can etch particle surfaces within the 
plasma and is sometimes injected into the plasma to control the surface of the NCs.113,114  
The first step was then to find conditions that would yield a constricted filamentary 
plasma followed by determining the significance of the available variables.  I found that 
the nominal input power had to be at least 110 W and the SiH4 flow rate had to be kept 
below 0.3 sccm to induce instabilities in the plasma.  Then the effects on morphology of 
electrode spacing, input power, argon flow, and PH3 flow were studied.  The 8 sets of 
experimental conditions are described in Table 1. 
Table 1: Synthesis conditions for faceted NC experiment. 
Figure 
Electrode 
Spacing 
(cm) 
Nominal 
Power 
(W) 
Argon 
Flow 
(sccm) 
SiH4 
Flow 
(sccm) 
PH3 
Flow 
(sccm) 
P (%) 
3.1 
6.5 
110 
9.6 0.3 0.36 15 
3.2 130 
3.3 5 
130 
9 
0.25 
0 0 
3.4 5.8 
3.5 5 
0.18 10 
3.6 
5.8 3.7 10 
3.8 11 
3.9 6.5 9.6 
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Figure 3.2.1 TEM images of sample 1 with scale bars of (a) 20 nm and (b) 5 nm synthesized at 110 W, 15% 
P-doping, argon flow of 9.6 sccm, and electrode spacing of 6.5 cm. 
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Figure 3.2.2: TEM images of sample 2 with scale bars of 5 nm synthesized at 130 W, 15% P-doping, argon 
flow of 9.6 sccm, and electrode spacing of 6.5 cm. 
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Figure 3.2.3: TEM images of sample 3 with scale bars of (a) 20 nm, (b) 10 nm, (c) 5 nm, and (d) 5 nm 
synthesized at 130 W with no P-doping, argon flow of 9.0 sccm, and electrode spacing of 5.0 cm. 
 
 
 
 
 
  41 
 
Figure 3.2.4 TEM images of sample 4 with scale bars of (a) 20 nm, (b) 5 nm, (c) 5 nm, and (d) 5 nm 
synthesized at 130 W with no P-doping, argon flow of 9.0 sccm, and electrode spacing of 5.8 cm. 
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Figure 3.2.5: TEM images of sample 5 with scale bars of (a) 20 nm, (b) 5 nm, (c) 5 nm, and (d) 5 nm 
synthesized at 130 W with 10% P-doping, argon flow of 9.0 sccm, and electrode spacing of 5.0 cm. 
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Figure 3.2.6: TEM images of sample 6 with scale bars of (a) 5 nm and (b) 10 nm synthesized at 130 W with 
10% P-doping, argon flow of 9.0 sccm, and electrode spacing of 5.8 cm. 
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Figure 3.2.7: TEM images of sample 7 with scale bars of (a) 5 nm, (b) 5 nm, (c) 10 nm, and (d) 5 nm 
synthesized at 130 W with 10% P-doping, argon flow of 10.0 sccm, and electrode spacing of 5.8 cm. 
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Figure 3.2.8: TEM images of sample 8 with scale bars of 5 nm synthesized at 130 W with 10% P-doping, 
argon flow of 11.0 sccm, and electrode spacing of 5.8 cm. 
 
 
 
Figure 3.2.9: TEM images of sample 9 with scale bars of 5 nm synthesized at 130 W with 10% P-doping, 
argon flow of 9.6 sccm, and electrode spacing of 6.5 cm. 
 
 
  46 
3.2.1. Input Power 
 Figures 3.2.1 and 3.2.2 can be compared to see the effect of input power on the 
NCs.  The NCs in Figure 3.2.1, synthesized at 100 W, are around 10 nm in diameter and 
irregularly shaped with no obvious crystal lattice diffraction.  The plasma was unstable 
but not consistently filamentary, just intermittent flickers in an otherwise diffuse plasma.  
With the increase in nominal power to 130 W the plasma filaments still flickered but at a 
much higher frequency with the filaments consistently visible during synthesis.  The NCs 
in Figure 3.2.2 change drastically from the NCs shown in Figure 3.2.1, now with obvious 
crystal lattice diffraction.  The morphology is different as well with the formation of 
compound structures made up of several 5-10 nm crystallites twinned together, shown in 
Figures 3.2.2b-d.  The formations appear to be random with no obvious preferential 
behavior.  In addition to these multi-crystallite structures, there are some spherical 
particles that appear to be single crystals approximately 30 nm in diameter with a 1 nm 
amorphous shell, Figure 3.2.2a.  This shows that higher power and a filamentary plasma 
yields larger crystalline NCs which is consistent with previous work.6,105 
3.2.2. Electrode Spacing 
 The electrode spacing was varied from 5 cm to 6.5 cm over the course of the 
study.  The effect of electrode spacing can be examined by comparing samples 3 and 4 
which are intrinsic silicon as well as samples 5 and 6 produced with 10% P-doping, both 
shifting from an electrode spacing of 5 cm to 5.8 cm.  This change in electrode spacing 
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accounts for a ~16% increase in plasma volume.  Figures 3.2.3 c-d and 3.2.4 c-d all have 
linear ridges in some of the particles which could be from a grain boundary. Samples 3 
and 4 both have ~20 nm average diameter. Sample 4, with larger electrode spacing, has 
slightly more faceted NCs.  Figure 3.2.5 shows elongated spheroidal NCs (Figures 3.2.5 
a,b and d), some hexagonal shaped particles (Figure 3.2.5a), and some tetrahedral 
particles (Figure 3.2.5d) while Figure 3.2.6 has octahedral NCs.  Again, both samples 
have thick ridge-like features, Figures 3.2.5c-d and 3.2.6a.  There is the presence of 
twinning and disordered multi-crystalline structures in Figures 3.2.5c and 3.2.6a. 
 For this set of samples, the difference between the presence of PH3 or lack thereof 
is more interesting than the electrode spacing difference which is minimal.  The effect of 
PH3 will be discussed in the following section. 
3.2.3. Phosphine Flow 
 Now we can take a closer look at Figures 3.2.4 and 3.2.5 and the difference 
caused by adding PH3 into the reactor during synthesis.  Figure 3.2.5 shows mostly 
faceted particles of relatively monodispersed size distribution.  Figure 3.2.4 shows 
particles that are only slightly faceted.  This is likely due to the additional hydrogen 
present in the plasma with the PH3, which is known to etch NC surfaces within the 
plasma.  With a long enough residence time the NCs are etched preferentially along 
certain crystal planes.105  
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Figure 3.2.2 and Figure 4.2.9 show two sets of particles where the differences are 
the percentage of P-doping, 15% and 10% respectively, and sample 9 was made with a 
lower SiH4 flowrate.  The single crystalline NCs in Figure 3.2.9 are close in size to the 
NC shown in Figure 3.2.2a, but more faceted and with a thicker amorphous shell.  This 
agrees with previous observations of additional hydrogen present with the higher PH3 
flow helps etch away some of that amorphous shell leaving a cleaner NC surface. 
3.2.4. Argon Flow 
Looking at Figures 3.2.6, 3.2.7, and 3.2.8, the effect of argon flow on the NCs is 
minimal.  All three sets of particles are of comparable size and morphology.  As 
expected, there is no significant effect on the amorphous outer layer or crystallinity.  The 
resulting change in residence time from the pressure change due to the varied flow rates 
was not significant enough to change the particle size.  
3.3. Conclusion 
 The presence of additional hydrogen from increased PH3 flow and the presence of 
the constricted filamentary plasma proved to be the most significant factors in forming 
faceted NCs in this plasma reactor.  Argon flow and electrode spacing did not have a 
notable effect on the NCs.  Figure 3.2.9 shows the most promising particles for future 
study.  To further improve the NC properties, power could be increased and a hydrogen 
source separate from the dopant gases could be added to the system.  That way, hydrogen 
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injection and doping percentage could be independently controlled to optimize the 
synthesis process. 
3.4. Experimental Methods 
The nanocrystals were produced using the same experimental set-up described 
previously in Chapters 2 and 3.  Argon, 100% SiH4, and 15% PH3 in H2 were the 
precursors used for these experiments.  The downstream orifice used was circular and 
1mm in diameter.  Synthesis pressure remained in the range of 1.5-2 Torr.  The 
nanocrystals were deposited directly on TEM grids that were adhered to glass slides with 
a very small amount of carbon tape.  It could be useful to note here that handling of TEM 
grids can be difficult since they are very delicate and prone to jumping away at the 
slightest presence of small breezes and static electricity.  This is the reason that there are 
only two, rather than three data points for some sections. 
TEM images were taken by Eric Hintsala using the Tecnai G2 F30 transmission 
electron microscope.  The TEM grids were transferred air-free in the push-rod assembly 
from the reactor to the glovebox where the grids were transferred to a grid box and placed 
in a small vacuum container.  The samples were exposed to oxygen during transfer to the 
TEM for measurement. 
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4. Nonthermal Plasma Synthesized Titanium Nitride with 
Gold-like Plasmonic Behavior 
 
4.1. Introduction 
Titanium nitride (TiN) is of interest due to its plasmonic properties which are 
compatible with photothermal therapy treatments as well as its physical properties.  Gold 
is one of the most common plasmonic materials and gold nanorods are currently the most 
applicable for photothermal therapy treatments (PTTs).  In order for a material to be 
useful for these types of biological applications, it must absorb within the biological 
transparency window, from 650 to 1350 nm.30,31,115  Plasmonic metal nanomaterials have 
localized surface plasmon resonances (LSPRs) that depend strongly on their size, shape, 
and morphology.  A gold nanosphere has an LSPR peak around 500 nm while gold 
nanorods with varied aspect ratios have resonances that shift into the near infrared where 
the biological transparency window lies.30,116  However, gold nanorods deform at 
relatively low temperatures and a minor change in nanorod aspect ratio leads to 
significant changes in plasmonic properties which can result in ineffective material.117,118  
TiN is also a potential candidate for use as an obscurant.  Obscurants are used to block 
out specific regions of the electromagnetic spectrum in a controlled manner.  
  Colloidal synthesis techniques, as used for gold nanorods, include multiple 
processing and temperature sensitive steps, involve numerous chemicals, and generate 
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chemical waste.115,118,119  Nonthermal plasma synthesis of nanomaterials is a continuous 
production process that also minimizes material waste and eliminates lengthy processing 
steps which are inherent to colloidal synthesis methods.7,120,121 
TiN nanoparticles have a localized surface plasmon resonance that already lies in 
the biological transparency window122–125 so additional morphology manipulation is not 
necessary as it is with growing gold nanorods.20,118,119  At the time this paper was written, 
to the author’s knowledge, only one other instance of plasmonic TiN nanoparticles 
synthesized via nonthermal plasma has been shown.124  The TiN nanoparticles produced 
in the previous work required a post-synthesis heating step to remove ammonium salts 
which formed due to the interaction between the ammonia and chlorine in the titanium 
precursor.124   
4.2. Results and Discussion 
4.2.1. Size and Crystallinity 
The deposition rate of NCs for this process is close to 1 mg/minute and the 
produced NCs were approximately 5 nm in diameter as confirmed by transmission 
electron microscopy (TEM) and selected area diffraction (SAD), Figure 4.2.1 – left 
panel.  Additional characterization of the particles with the TITAN, Figure 4.2.1 – right 
panel, shows that the NCs are polycrystalline, made up of 1-2 nm crystallites twinned 
together in the 5 nm particles.  This suggests that the growth mechanism within the 
plasma is different from previously studied semiconductor plasma synthesized particles.  
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 Initial power studies showed an increase in crystallinity of the TiN NCs with 
increased power using x-ray diffraction (XRD).  The particle size measured by XRD is 
not impacted significantly by synthesis power or ammonia flow, however, the 
polycrystallinity may make XRD a less reliable measure of particle size (See Appendix 
7.3 for XRD plots). 
 
 
 
 
20nm 
Figure 4.2.1: (Left) TEM image (taken by Yunxiang Qin) shows the uniform distribution of ~5 nm TiN 
nanoparticles.  (Right) Titan TEM image (taken by Jacob Held) showing well defined lattice fringes 
indicating the polycrystallinity of the TiN particles. 
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Figure 4.2.2: High resolution XPS scans of the Ti 2p peak of TiN samples made at nominal powers of 70W – 
63% of bonds are from TiN and 37% are from TiO2, 75W – 60%/40% TiN/TiO2, and 85W – 62%/38% 
TiN/TiO2.  The blue peaks at 464 eV and 458 eV are from titanium bonded to oxygen and the red peaks at 
463 eV, 461.5 eV, 456.3 eV, and 455.3 eV are from titanium bonded to nitrogen. 
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4.2.2. Elemental Composition and Morphology 
Nonthermal plasma produced nanoparticles of various materials have crystalline 
core and up to a nanometer of amorphous surface.7  The elemental composition of the 
TiN nanoparticles was measured using x-ray photoelectron spectroscopy (XPS).  Survey 
scans confirm the presence of titanium, nitrogen, carbon, and oxygen (shown in 
Appendix 7.3).  The carbon comes from the methyl groups in the titanium precursor.  
The TiN particles were consistently nitrogen rich and the particles exhibiting the 
strongest LSPR had two nitrogen atoms for every titanium atom.  High-resolution XPS 
scans of the titanium peak were fitted to find that TiN NCs tend to have ~40% of titanium 
atoms bonded to oxygen atoms and ~60% bonded to nitrogen atoms (Figure 4.2.2).  This 
suggests that the titanium located at the disordered surface of the nanoparticle readily 
oxidizes to form titanium dioxide.  Assuming a stoichiometric TiN crystalline core, 
supported by XRD peak locations and TEM/Titan images, this leaves surplus, beyond 
what is in the TiN core, nitrogen and carbon near the surface of the particles.  The 
amount of carbon and surplus nitrogen is enough to form several disordered atomic layers 
at the surface of a 5 nm nanocrystal core.   
Fourier transform infrared spectroscopy (FTIR) measurements were made to 
examine this hypothesis and to see what bonds are present at the TiN NC surface.  As can 
be seen in Figure 4.2.3, the FTIR spectrum of the NCs confirms the existence of several 
  55 
carbon and nitrogen bonds at the measurable sample surface.  The hydrogen bonds shown 
in the FTIR come from the methyl groups from the metalorganic titanium precursor.   
 
Figure 4.2.3: FTIR of TiN NCs with peaks from N-H126,127, C-H128, C=C127,129, C=O130, C-N128, and Ti-N129 
bonds at the surface of the NCs. 
  
 
Figure 4.2.4: TEM images (taken by Yunxiang Qin) of TiN NCs with the ammonia flow rate for synthesis of 
these samples increase, left to right, from 0.3 sccm to 1.2 sccm. 
 
  56 
 
Ammonia flow greatly affects the morphology, composition, and properties of the 
TiN NCs.  At very low ammonia flow rates, the morphology varies significantly, there 
are few larger NCs and many smaller non-uniform nanocrystalline structures, Figure 
4.2.4 – left.  As ammonia flow rate is increased the NC morphology becomes more 
uniform and the non-uniform structures begin to disappear leaving a wide size 
distribution of nanoparticles, Figure 4.2.4 – center, then with more ammonia, 
monodispersed tetrahedral 5 nm nanoparticles, Figure 4.2.4 – right.  Carbon content 
decreases from ~40% to ~25% with increase in ammonia flow and the Ti:N ratio 
decreases with a similar trend over the same flow range (shown in Appendix 7.3).  A 
similar decrease in carbon content with increased ammonia flow has previously been 
observed in atmospheric pressure chemical vapor deposition (APCVD) of TDMAT.131  
This could suggest that the hydrogen in the ammonia has an etching effect on the carbon 
containing surfaces of the nanocrystals and perhaps the smaller, non-uniform structures 
have a high carbon content as well. 
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4.2.3. Absorption 
 
 
 
 
 
 
 
 
 
 
The LSPR of the TiN NCs was measured using UV-Visible absorption spectroscopy.  
The NCs have a plasmon resonance in the range of 770-800 nm which is within the 
biologic transparency region, making the TiN conducive to PTTs, Figure 4.2.5 – left.  
Figure 4.2.5 – right panel shows the change in LSPR with ammonia flow.  At very low 
ammonia flow rates no LSPR is present and as ammonia flow is increased, the plasmon 
appears, then broadens and slightly redshifts.  The broad size distribution and 
nonuniformity of the NCs produced with 0.3 sccm of ammonia is not favorable for a 
plasmon resonance.  Obscurant properties are also of interest for this material and 
absorption measurements were conducted by NanoComposix on the TiN NCs. The TiN 
Figure 4.2.5: UV-Vis spectra showing the LSPR of the TiN NCs, (left) single spectrum showing the actual 
absorbance and (right) stacked spectra showing the change in LSPR with ammonia flow increasing from 0.3 
sccm where no plasmon is observed to 3.0 sccm where a broadened plasmon is observed. 
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NCs have similar performance to the TiO2, the current industry standard for obscurants 
(Shown in Appendix 7.3).  This is promising and could certainly be studied further. 
4.2.4. Solution dispersion 
The TiN NCs dispersed reasonably well into chloroform and water forming a 
cloudy solution when agitated by hand and forming a more transparent solution after 
sonication.  The solutions were not stable as the particles would crash out of solution 
within 24 hours.  Further work could be done to improve the dispersibility of the TiN 
NCs.  Figure 4.2.6 shows the TiN NCs dispersed in water on the left and the TiN NCs 
deposited directly on the substrate on the right. 
 
 
 
 
 
 
 
 
Figure 4.2.6: (left) TiN NCs dispersed in water and (right) an example of TiN NC film deposition 
on a glass slide and aluminum coated silicon wafer. 
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4.3. Conclusion 
 Plasmonic TiN NCs were successfully synthesized via nonthermal plasma 
synthesis using a metalorganic titanium precursor for the first time.  The absorbance of 
the TiN NCs make them a candidate for use as an obscurant.  The observed LSPR was in 
a similar location to that of the gold nanorods suitable for PTT applications.  
Nanoparticle uniformity and optimized elemental compositions are required for good 
plasmonic behavior.  An ammonia flow of 1.2 sccm proved to be the best experimental 
condition for the LSPR which has a narrower shape than the previously reported LSPR 
for plasma-produced TiN.  The width and presence of the LSPR is dependent on the 
ammonia flow rate as is the uniformity and composition of the NCs. 
4.4. Experimental Methods 
The TiN nanoparticles were synthesized utilizing a nonthermal plasma process during 
which the gaseous or aerosolized precursors are injected into an argon plasma where the 
nanoparticles nucleate and grow.  Figure 4.4.1 shows a schematic of the plasma reactor 
used for TiN synthesis.  It is the same general setup that has been previously described 
for the productions of doped silicon nanocrystals but has some differences, most 
significantly, the precursors.  In these experiments, a metal-organic precursor, 
tetrakis(dimethylamido)titanium (TDMAT), commonly used as an atomic layer 
deposition or chemical vapor deposition precursor132–135, was used as the titanium 
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precursor.  The TDMAT is contained in a stainless-steel bubbler and argon is flowed 
through the TDMAT to carry it to the plasma reactor.  Due to the low vapor pressure of 
the metalorganic liquid, the TDMAT process lines and bubbler were heated to 80°C and 
70°C respectively to prevent condensation inside the reactor or lines.  Ammonia was used 
as a nitrogen precursor to allow additional control over nitrogen content.  It is still 
unclear how the TDMAT molecule breaks down within the plasma and whether the 
nitrogen within the molecule can be utilized for crystal growth.   
 
Figure 4.4.1: The experimental setup for TiN NC synthesis.  Argon, ammonia, and TDMAT carried by argon 
are the precursors used for the synthesis of TiN NCs.  The dimensions of the downstream nozzle used in all 
experiments are 10 mm x 0.610 mm.  Synthesis pressure was ~1.6 Torr. 
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FTIR experiments were conducted in either a nitrogen-purged glovebox or directly 
in air using a Bruker Alpha FTIR spectrometer in DRIFTS mode.   IR spectra were 
collected by averaging 20 scans at 2 cm-1 resolution.  NCs were deposited directly onto 
aluminum coated silicon wafer and transferred in the pushrod assembly to the nitrogen 
filled glovebox for FTIR measurement. 
UV-Vis measurements were made on the Cary UV-Vis-NIR spectrophotometer 
located in Eray Aydil’s laboratory.  The particles were deposited directly onto glass for 
the measurements.  The prepared samples were taken in air from the lab in ME L126 
to the lab, Amundson G6, for measurement.  The samples were exposed to air for 
varied amounts of time, up to several days, before UV-Vis measurements were taken 
but air exposure did not have a noticeable effect on the absorption properties.  
XPS spectra were acquired on a Surface Science Laboratories, Inc. SSX-100 XPS 
with a monochromatic Al Kα x-ray source. A x-ray power of 200 W with a 1 mm spot 
size.  The Ti 2p high resolution peaks were collected by integrating scans for 30 
minutes.  The peaks were assigned using the C1s peak as a reference at 285 eV.  NCs 
were deposited directly onto silicon wafers for this measurement.  The NCs were 
transferred in air from the lab to the characterization facility for XPS measurement.  
XRD from nanoparticles was collected using a Bruker D8-Discover with a Co x-ray 
source. The nanoparticle diameter was calculated from the Scherrer equation.  NCs were 
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deposited directly onto glass and transferred in air for this measurement. 
TEM images of the doped nanoparticles were collected on and examined with a 
Tecnai G2 F30 transmission electron microscope by Yunxiang Qin or the FEI Titan 
transmission electron microscope by Jacob Held.  NCs were deposited directly onto 
carbon-coated 400-mesh Cu TEM grids from Ted Pella Inc and transferred in air to the 
characterization facility for measurement. 
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5. Summary and Proposed Work 
LSPRs of nonthermal plasma synthesized nanoparticles have been studied in this 
work for both their potential applications as well as a diagnostic tool in the case of doped 
silicon.  The impact of experimental conditions on the physical and optical properties of 
nonthermal plasma synthesized nanocrystals was examined.  A better understanding of 
phosphorus and boron dopant behavior in silicon in both as-produced and post-synthesis 
treated NCs and experimental conditions for plasmonic TiN was obtained. 
Plasmonic behavior in doped silicon was used as an indicator of dopant activity and 
found that phosphorus and boron behave very differently within the plasma synthesized 
Si NCs.  We further studied the dynamics of the dopants using high energy XRD and 
RMC modeling of the pair distribution functions.  This, along with the theory models of 
plasmonic behavior has solidified the hypothesis that the doping profile of boron differs 
from that of phosphorus.  For this synthesis process, boron dopants tend to be located at 
or near the surface where oxidation places a key role in dopant activation while active 
phosphorus dopants tend to be located uniformly throughout the nanocrystal.  Both B-
doped and P-doped Si NCs benefit, from a dopant activation standpoint, by the 
passivation of surface defects caused by low temperature annealing.   
The RMC simulation models produced from the PDFs obtained from HE-XRD are 
very promising and could unveil a lot of information about dopant behavior in our Si 
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NCs.  There is a current collaboration between myself and Katharine Hunter and Nick 
Bedford.  This collaboration will be continued by Katharine Hunter.  We are currently 
studying the possibility of dopant diffusion as a result of low-temperature annealing.  The 
experiment design includes injecting dopant precursor into the afterglow of the plasma to 
have dopants only at or near the NC surface.  The PDFs and RMCs of the NC samples 
before and after annealing will be compared and examined for evidence of dopant 
relocation.  This is a current work in progress and we do not yet have enough results to 
make any conclusions.  This work can be continued going forward to advance the 
knowledge of P and B dopants in Si as well as in germanium. 
The experimental controls were studied and large, faceted P-doped Si NCs were 
produced.  A synthesis recipe for the desired NC properties was established.  This is the 
first instance, to the knowledge of the author, that P-doped SiNCs of this size and 
morphology have been produced via nonthermal plasma.  Going forward, these NC’s 
structural properties could be analyzed in the same way the Si nanocubes were 
previously.  This would be a good opportunity to be trained on the NanoIndenter in the 
Minnesota Nanocenter.    Additionally, these experiments could be extended to include 
B-doped NCs allowing the physical properties of nanocrystalline P-doped and B-doped 
Si to be compared. 
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This work has also shown that TiN has plasmonic properties conducive for use in 
photothermal therapy treatments.  Although the LSPR of the nonthermal plasma 
synthesized TiN is in the correct location for biological applications, more work is 
needed for this material to be used in the human body.  The absorbance within the 
biological transparency window causes photothermal materials to heat up when 
irradiated.  The TiN should be measured to find out how efficiently and what temperature 
it will reach when irradiated.  TiN is already a known bio-compatible material used as a 
coating for implants but studies with TiN nanoparticles will be needed.  It is also likely 
that other transition metal nitrides, particularly zirconium nitride which has garnered 
some interest, could be useful alternatives to gold and silver for plasmonic applications. 
To pursue the obscurant application, the production process should be scaled up from 
1 mg/minute.  The measurement methods for obscurant materials require a minimum of 
100 mg to perform.  This could be done by building a new reactor specifically for TiN 
synthesis and allowing for higher flow of TDMAT and additionally, utilizing a mesh bag 
collection method to more efficiently collect the particles. 
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7. Appendices 
7.1. Supporting Information from Chapter 2 
 
 
Figure 7.1.1: Transmission Electron Microscope image of the 8 nm silicon nanocrystals that were used in 
this study. 
 
 
 
 
  79 
 
Figure 7.1.2: X-Ray Diffraction spectrum of silicon nanocrystals. The Scherrer equation gives an average 
size of 8.3 nm, which agrees well with the TEM results. 
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Figure 7.1.3: Size distribution of nanocrystals and one of the TEM images used to analyze the size 
distribution. 
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Figure 7.1.4: X-Ray Photoelectron Spectroscopy results for intrinsic (black) and B-doped (red, green and 
blue) silicon nanocrystals. The spectra show the difference in the trivalent and tetravalent states of boron for 
as-produced and post-synthesis treated nanocrystals. 
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Figure 7.1.5: Atomic phosphorus concentration for as-produced and HF etched P-doped silicon 
nanocrystals obtained via Energy-dispersive X-Ray Spectroscopy.   
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Figure 7.1.6: Electron Paramagnetic Resonance (EPR) spectra for as-produced (gray) and annealed (red) 
Si NCs. A reduction in signal is observed for annealed intrinsic NCs as a result of surface restructuring and 
defect reduction. A feature is also removed from the P-doped spectrum, likely caused by a similar reduction 
in defects. The B-doped spectrum does not change significantly after annealing. 
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Figure 7.1.7: Electron Paramagnetic Resonance (EPR) spectra for as-produced and post-synthesis treated 
P-doped Si NCs.  As-produced (blue) NCs exhibit a broad absorption as a result of free conduction 
electrons. After oxidation (gray) the spectrum changes due to the formation of an oxide shell, giving rise to 
Pb defects. A subsequent annealing treatment (red) reduces the number of defects and a broad absorption 
returns which resembles the spectrum of as-produced NCs. This can be reversed again by re-oxidation 
(orange) of the NCs. 
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To determine the influence of the dopant distribution on the absorption, absorption 
spectra is calculated for different doping cases: 
 
Doping Case Dopant Distribution 
Bulk ρ(r) = n0, where n0  is a constant 
Surface ρ(r) = σδ(r − R), where σ is a constant 
Exponential ρ(r) = exp(αr) − 1, α is a constant, r<R 
We employ the one-component theory, where only the heavy component is 
considered. The diameter of the nanoparticle is 8 nm and the number of dopants within 
the particle is fixed at N=268.  The carrier distribution for different doping cases and the 
corresponding absorption spectra are given in Figure 7.1.8.  
Although the carrier distributions show significant differences among the three 
doping cases, the general profiles of the absorption spectra are similar. Within the one-
component theory, different carrier distributions will only induce small shifts in peak 
plasmon resonance energies. 
 
 
 
Figure 7.1.8: (a) The free carrier densities of different doping cases. (b) Corresponding absorption spectra of 
different doping cases. 
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7.2. Supporting Information from Chapter 4 
 
 
Figure 7.2.1: XPS survey scan of TiN NCs. 
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Figure 7.2.2: XRD patterns of TiN for increasing nominal power.  The peaks are labeled with corresponding 
TiN crystal planes. 
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Figure 7.2.3: Particle size dependence on ammonia flow and nominal synthesis power. 
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Figure 7.2.4: Titanium to nitrogen ration and carbon content of TiN NCs with respect to ammonia flow. 
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Figure 7.2.5: Obscurant data of TiN NCs provided by NanoComposix.  TiN performs similarly to the current 
industry standard for obscurant materials, TiO2. 
 
 
 
 
 
 
